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Abstract 
A Ditigal Terrain Model (DTM) and a Digital Surface Model (DSM), obtained by P and X band SAR interferometry respectively 
and available in the “Radiografia da Amazônia” product, are analyzed. The slopes computed from the two altimetric signals are 
compared in order to show how the correlation between the ground and the top of canopy varies with regards to scale in an 
Amazonian landscape. The threshold distance over which the slope (and therefore the geomorphologic properties) of the ground 
can be derived from the DSM with a limited error is found to be approximately 50 meters. Since DSMs are more widely available 
than DTMs, this study provides criteria for the users to evaluate the suitability of DSMs to describe the geomorphology. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Forested areas have always been challenging for topographic mapping. The main reason is that most relief 
mapping techniques are based on input images that represent the canopy and not the ground. Airborne lidar can 
provide topographic information in forested areas but it is not cost effective for extended areas. P-band radar 
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techniques give access to the ground but they are not widely available. The most usual techniques are spaceborne or 
airborne photogrammetry, and short or medium wavelength SAR interferometry: in both cases, there is a very 
limited penetration under the canopy so that the output model is a DSM (digital surface model) rather than a DTM 
(digital terrain model). 
DSM can provide valuable information to study forest cover characteristics, either for resource monitoring, 
biomass assessment or ecological research. However, digital three-dimensional models can also be used to describe 
the topographic surface for geomorphologic or hydrographic applications. In such cases a DTM is preferred but the 
description of the ground geometry is often based on a DSM when no DTM is available. An elevation bias can be 
corrected by subtracting an average tree height, but the resulting DTM is improved in terms of elevation accuracy 
only and not in terms of shape realism. Indeed terrain shapes derived from a DSM integrate the effect of the spatial 
distribution of the trees. This effect is likely to occur mostly over short distances and the aim of this study is to 
evaluate the threshold distance above which this effect can be neglected. 
In order to evaluate the capability of a DSM to describe the geometry of the ground in forested areas, we made an 
experiment based on the comparison between a DTM and a DSM. The comparison was based on several similarity 
indicators such as correlation, with the idea that a high correlation (i.e. a good similarity of the two profiles) makes 
possible the use of the DSM to describe the ground topography. These data were extracted from a cartographic 
product called “Radiografia da Amazonia”, based on radar surveys provided by the Orbisat company and processed 
by the Brazilian army, in which the DTM and the DSM are generated by P-band and X-band airborne SAR 
interferometry, respectively [1]. This product provides a unique opportunity to characterize both the topography and 
the forest structure in the same data set over extended areas [2].  
In order to study the correlation between the two altimetric signals defined by the ground and the canopy, we 
selected a 25 km transect in a typical Amazonian landscape and we extracted the two vertical profiles from the DSM 
and the DTM.  
Intuitively, we expected to find very different signal behaviours over short distances due to the different textures 
of the ground and the canopy, whereas we expected the profiles to become almost parallel over long distances. In 
order to verify this phenomenon and to determine the transition scale between these two different behaviours, we 
computed similarity indicators based on slope at different scales and we analysed their variations over increasing 
distances. 
The study area and the data used for the experiment are described in section 2. The different indicators extracted 
from the two altimetric profiles are defined in section 3 and the results are presented and discussed in section 4.  
2. Study area and data description
2.1. Study area 
The transect extracted for this study is approximately 25 km long. It is located near São Gabriel da Cachoeira, 
along the upper Rio Negro river in interior Amazonia (0°8’S – 67°5’W). 
It was chosen over a continuously forested area, with no important river that could have interrupted the altimetric 
signal and biased the results. The area is characterized by a typical Amazonian relief, a very dense hydrographic 
network and small hills with reduced elevation amplitude (40 m) but important local slopes. The landscape is a 
dense rainforest with tree heights often over 30 m [3]. 
2.2. Data set description 
The DTM and the DSM were provided by the Brazilian army. They were extracted from the product 
denominated "Radiografia da Amazônia" (Amazon Radiography). This was the world´s largest systematic mapping 
project, which applied airborne P and X band technology based on the advantage of P-band to map the ground in 
forested areas and therefore expected to be suitable for the Amazonian rainforest. The two surface models were 
obtained by interferometric processing of airborne P-band and X-band SAR images, respectively.  
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The flight path is oriented North-South and the profile orientation is West-East i.e. along a line of the input image 
files. This implies that no additional resampling is needed. Both the DTM and the DSM have a 5 meter mesh size. 
Each profile contains 4900 points with a 5 meter spacing, resulting in a 24500 m long terrain profile (fig. 1). 

Fig. 1. View of the two altimetric profiles with elevations in meters : DTM (brown), DSM (green). Profile length is 25 km. 
3. Method
A visual control of the two profiles was first done in order to verify that no noticeable artefact had occurred 
during the acquisition and processing steps. 
The similarity of the two elevation profiles was evaluated according to several indicators based on slope statistics 
in order to compare the geometric behaviours of the ground and the canopy. In order to evaluate the effect of scale 
on these indicators, we sub-sampled the profiles with increasing ratios. A sub-sampling ratio of 2 means that all 
points of the input profile are considered but slopes are computed over a 2x5 m interval, and so forth with increasing 
lengths defined by the consecutive powers of 2, leading to an increasing mesh size of 5, 10, 20, 40, 80, 160, 320, 
640 and 1280 m. 
The first indicator that was computed to compare the two elevation profiles was the correlation coefficient. This 
coefficient is expected to be close to 1 which means that the signals are proportional to each other. As will be shown 
below, the correlation between the two elevation signals did not exhibit a significant dependency to scale. Therefore, 
we focused on the derivative of elevation (i.e. slope) rather than on the elevation itself. Indeed, sub-sampling (and 
more generally re-sampling) has much more effect on slopes than on elevations [4]. 
For each sub-sampling ratio, the following procedure was applied. For each horizontal position, the tangent of the 
local slope was computed in both profiles and the canopy slope was plotted against the ground slope to generate a 
two-dimensional histogram. We obtained nine 2D histograms corresponding to the nine scales. The shape of the 
point cloud is an indicator of the statistical similarity between the two profiles in terms of slope. A straight line was 
adjusted on the point cloud by least squares and two parameters were computed: the slope of the least squares 
straight line, i.e. coefficient a in the equation of the regression line y= ax + b, and the regression coefficient R². Both 
parameters were expected to increase and get close to 1 as the mesh size increases. A third parameter was computed 
for each sub-sampling ratio: the average of the absolute (positive) slope difference. This parameter is expected to 
decrease and get close to 0 (no statistical difference between ground and canopy slopes over long distances). 
For all these indicators, the variations with regards to the mesh size are represented by graphical curves in which 
we try to identify a threshold distance over which the two profiles may reasonably be considered parallel. All these 
indicators are modelled with tendency functions in order to predict the geometric similarity between ground and 
canopy at any scale. 
4. Results and discussion
The correlation coefficient between ground and canopy elevations is 0.9552, i.e. very close to 1, and it does not 
exhibit a scale dependency when computed with an increasing mesh size. On the contrary, the difference between 
the slopes measured on the ground and on the top of the canopy has a clear scale dependency as shown on fig. 2. 
Fig. 3 shows that the correlation coefficient between ground and canopy slopes is very low (less than 0.25) for 
small mesh size values, due to the undulating geometry of tree crowns over very short distances and to the 
heterogeneity or tree species (and therefore tree heights) over medium distances. This means that a variation of slope 
on the canopy does not necessarily reflect a variation of slope on the ground. For longer distances, typically ranging 
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from 100 to 1000 meters, the slope correlation is much higher (close to 1). Therefore, the correlation coefficient 
between ground and canopy slopes is clearly scale dependent.

    
Fig.2. Image of the difference between canopy and ground slopes for different sub-sampling ratios i.e. different distances (left: 5 m; center: 40 m; 
right: 160 m) with the same grey scale (from -3 to 5.5 degrees) 
                 
Fig.3. Correlation coefficient between ground and canopy slopes, 
at different scales. 
Fig. 4. Plot of canopy slope (x axis) against ground slope (y axis) 
for mesh size = 5 m (tangent of slope angle)
Table 1. Variations of four scale dependent indicators 
mesh size 
(m) 
log (mesh 
size) 
correlation 
(slope) 
slope of 
regression line 
regression 
coefficient R² 
average absolute slope 
difference (degrees) 
5 0,0000 0,2432 0,0566 0,0591 11,3025 
10 0,3010 0,2969 0,0831 0,0881 9,5500 
20 0,6021 0,4222 0,1634 0,1783 6,5685 
40 0,9031 0,6141 0,3371 0,3771 3,9066 
80 1,2041 0,7695 0,5273 0,5921 2,3155 
160 1,5051 0,8613 0,6724 0,7418 1,3374 
320 1,8062 0,9115 0,7534 0,8308 0,7118 
640 2,1072 0,9133 0,7496 0,8059 0,3718 
1280 2,4082 0,8968 0,7726 0,8059 0,1826 

Figure 4 shows the two-dimensional histogram obtained by plotting the canopy slope (x axis) against the ground 
slope (y axis) without sub-sampling. The same slope-slope plot is built for all sub-sampling ratios. At each scale, a 
linear regression model is fitted on the cloud. The slope of this line (a) and the regression coefficient (R²) are given 
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in table 1 and their variation with scale is shown in figure 5. The mean absolute slope difference is also given in 
table 1 and its variation with scale shown in figure 6. These results confirm that slope differences statistically 
decrease and that the two slopes are becoming more correlated as the mesh size increases. 
In order to model the effect of scale on these indicators, we computed the best fit fourth order polynomial. These 
models can be used to estimate the threshold distance for which the slopes become statistically similar. Considering 
the slope difference (fig. 6), the end of the decreasing tendency occurs when the second derivative of the model is 
minimum. We find a distance of 55.45 m, i.e. approximately 50 m. This threshold can be interpreted as follows: 
• over shorter distances, ground slope (and therefore geomorphologic properties) cannot be directly derived from 
the DSM; 
• over longer distances, the DTM and the DSM have close slope values, so that the geomorphology of the ground 
surface can be derived from the DSM. 

 
Fig. 5 : Slope (left) and coefficient R² (right) of the linear tendency obtained from 2D plots such as on fig.4 for increasing sub-sampling ratios. 

Fig. 6 : Average absolute slope difference (in degrees) for increasing sub-sampling ratios (data and 4th order polynomial model) 
The results of this experiment show that the effect of the canopy geometry on the DSM is important for distances 
shorter than 50 m and that it can be neglected over 50 m. Modelling the effect of scale on similarity indicators with 
analytical curves allows the estimation of the slope error made when using a DSM to describe terrain shapes. For 
instance a 90 m mesh size leads to an expected averaged error of ground slope assessment of 2 degrees. 
Table 2: expected ground slope errors in two widely used DSMs 
data base grid mesh size (m) expected slope error (°) 
SRTM 90 2,0 
ASTER GDEM 30 5,0 
It is worth considering the altimetric data bases available in Amazonia. Table 2 shows the expected slope errors 
made with SRTM and ASTER GDEM. These products are obtained by short wavelength radar interferometry and 
optical photogrammetry, respectively, so that they are DSMs rather than DTMs. The results suggest that a 
geomorphological analysis is more reliable when based on SRTM than on ASTER GDEM. The case of Topodata is 
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different: this 30 m elevation grid is obtained by oversampling SRTM [3], so that the effect of the canopy geometry 
on the description of terrain shapes is not supposed to be more important than in SRTM as already observed in [4].
These results can lead to recommendations for the cartographic and geomorphologic applications of digital surface 
models in forested areas. For instance: 
• the correction of the altimetric bias due to tree heights improves the altimetric accuracy in any case, but it does 
not guarantee the geomorphologic quality at very local scales, typically for distances shorter than 50 meters; 
• the results of hydrographic network extraction, watershed boundary delineation or morphological indicator 
mapping are probably more reliable, although with a coarser resolution, when the grid mesh is larger than 50 m. 
Our experiment and the obtained results have several limitations, due the limited validity of underlying 
hypotheses and to the specificities of our particular experimental conditions. For instance we have considered only 
one profile along the image line, and this could have biased the results. The results are also based on the hypothesis 
that the DTM and the DSM are supposed to represent the ground level and the top of the canopy, although X-band 
radar penetrates into the canopy to some extent and P-band radar suffers interactions with trunks and branches that 
reduce the propagation delay: these effects may cause an over-estimation of ground elevations in the DTM and an 
under-estimation of canopy elevations in the DSM [7]. This would deserve further studies. More over, this study has 
considered a dense and homogeneous forest stand. Further work should be done to compare different landscapes. 
The fact that the scales considered in this study range from 5 meters to 1280 meters approximately is not a real 
limitation, since most digital altimetric grids have a mesh size within this wide interval. Moreover, considering the 
canopy geometry over distances shorter than 5 meters is not very meaningful since modelling the top of the canopy 
as a surface is no longer relevant at that scale. 
5. Conclusion 
This article has shown how the correlation between the ground and the top of canopy varies with regards to scale 
in an Amazonian landscape. The DSM and the DTM available in the “Radiografia da Amazônia” product, obtained 
by P and X band SAR interferometry respectively, were used to determine the threshold distance over which the 
slope (and therefore the geomorphologic properties) of the ground can be derived from the DSM with a limited 
error. This threshold is approximately 50 meters. Since DSMs are more widely available than DTMs, this study 
could provide criteria for the choice of the most suitable DSM to describe the geomorphology, both through the 
results of this study and through the method can be reproduced and applied in other landscapes. 
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